Image-potential states of graphene on various substrates have been investigated by two-photon photoemission and scanning tunneling spectroscopy. They are used as a probe for the graphene-substrate interaction and resulting changes in the (local) work function. The latter is driven by the work function difference between graphene and the substrate. This results in a charge transfer which also contributes to core-level shifts in x-ray photoemission. In this review article, we give an overview over the theoretical models and the experimental data for image-potential states and work function of graphene on various substrates.
Introduction
With the exfoliation of graphene flakes from graphite [1] , investigations of the physics of a purely two-dimensional system became possible [2] . In particular, the electronic properties of graphene give rise to an unconventional quantum Hall effect [3, 4] and a high carrier mobility [5] due to the suppression of backscattering of conduction electrons [6] . These phenomena stimulated studies of the underlying linear electronic dispersion of the π bands in the proximity of the Fermi level at the Brillouin zone boundary [7] [8] [9] [10] [11] . Time-resolved photoelectron spectroscopy was applied to study the dynamics of these states for graphene on Ni(1 1 1) [12] , quasi-freestanding monolayer [13, 14] and bilayer [15] graphene (MLG and BLG) on SiC(0 0 0 1) and graphite [16, 17] .
On the other hand, parabolic bands at the center of the Brillouin zone form the band structure in the vicinity of the vacuum level. These image-potential states (IPS) were observed experimentally using scanning tunneling spectroscopy (STS) [18] [19] [20] and two-photon photoelectron spectroscopy (2PPE) [21] [22] [23] [24] [25] for graphene supported by various substrates. Theoretical models find a distinct, mirror-symmetry induced 1 Present address: Department of Chemistry, Columbia University, New York, NY 10027, USA.
splitting of IPS in two-dimensional systems as compared to the case of the surface of a three-dimensional solid [26, 27] . In graphite, the symmetric states hybridize and form the interlayer state [28] [29] [30] . This state plays a crucial role in the superconductivity of alkali-metal graphite intercalation compounds [31] . IPS of graphene are also the origin of quasi onedimensional IPS in carbon nanotubes [32] and superatomic states of fullerenes [33] .
Image-potential states and the formation of interlayer states give rise to minima in the electron reflectivity, which allow to determine the thickness of few layer graphite [34] . In addition, IPS have proven useful as a microscopic probe for the interaction strength of graphene layers with a substrate [21] . Furthermore, they allow to measure individual local work functions of inhomogeneous, graphitized surfaces due to their energetic pinning to the local electronic structure [20, 23, 25] . In case of a weak van-der-Waals interaction between graphene and the substrate, this pinning results in a fixed energetic spacing between the Dirac point of doped graphene and the IPS [22, 23, 35] . In this case, intrinsic, substrate-induced surface states are still present in the graphene/substrate system [22, 23] and are protected by the inert graphene capping layer [36] .
This review article gives an overview over the occurring phenomena. Section 2 provides an introduction to IPS (1 + ) and (1 − ) odd symmetry with respect to the graphene plane, they couple to σ (blue) or π (red) bands, respectively. The shaded area represents the continuum of free-electron states (Adapted with permission from [27] ). The arrows indicate a two-photon photoemission process. (b) Reprinted figure with permission from [27] . Copyright 2009 by the American Physical Society.
in general and to their peculiar properties in graphene and two-dimensional systems. Section 3 discusses work function, charge transfer and IPS on different substrates, with a focus on 2PPE from weakly van-der-Waals bound systems. Subsequently, the effects of inhomogeneities of graphene layers on a microscopic scale (section 4, graphene/Ru(0 0 0 1)) and a mesoscopic scale (section 5, graphene/SiC(0 0 0 1)) will be discussed. IPS have been used as a probe for electronic and structural properties on both length scales. Finally, section 6 will discuss effects of localization and electron confinement on the energetics and lateral distribution of IPS.
General considerations and theoretical models

Properties of image-potential states
Image-potential states are a class of surface states which are widely observed on metallic surfaces [37] [38] [39] . Their origin can be traced back to the attractive − potential acting on an electron at the distance z in front of a conductive surface. The screening of the electron can be described by the imagecharge concept as illustrated in figure 1(a) . The resulting onedimensional hydrogen-like system [40] leads to the formation of a Rydberg-like series of states [41] . The scaling of the length scale by a factor of four results in an energy scaling by a factor of sixteen with respect to the hydrogen atom. The quantization axis is given by the surface normal, while the electron can move almost freely parallel to the surface because of its localization outside the crystal. The remaining interaction with a solid of a specific band structure is reflected in the quantum defect a (a ∈ [0, 0.5]) and an effective mass m * close to the freeelectron mass m 0 . The resulting binding energy and dispersion of the IPS as function of parallel momentum k is:
The maximum binding energy relative to the vacuum level E vac for the n = 1 IPS is 0.85 eV which equals the Rydberg energy divided by 16. Replacing the metal surface by a conducting graphene sheet allows the formation of IPS on both sides of the layer, resulting in a double series [40] . Since a freestanding graphene sheet possesses a mirror plane as illustrated in figure 1(a) , coupling between IPS on both sides gives rise to one series of symmetric and one of antisymmetric states with respect to this plane [26, 27, 40] . This finding is accounted for by the introduction of different quantum defects a + and a − for even and odd states in (1) . Symmetric states are bound more strongly because of their localization closer to the graphene layer. They couple to the σ bands of graphene. The antisymmetric IPS necessarily have zero probability at the graphene plane and are hence located further away from the surface. They couple to the π states of graphene. The resulting band structure of graphene including the first IPS of even (1 + ) and odd (1 − ) symmetry is depicted in figure 1(b) [27] . The bands represent the result of a density functional theory (DFT) calculation. In order to give the right asymptotic potential, a 1/z image potential was matched to the DFT results at a cutoff distance of z 0 = 3 atomic units. Since in case of a two-dimensional material the IPS wave function does not have to be connected smoothly to a solution of the Hamiltonian of a bulk material, a ± may become negative and the binding energy may exceed 0.85 eV. The calculation [27] gives E of the mirror symmetry with respect to the graphene plane. Hence, their sheer appearance does not depend on the details of modeling the potential [27, 42, 43] . The interlayer band found in graphite [26, 28] is a consequence of the intersheet hybridization of the first even image-potential state [27] .
In addition to DFT, dielectric continuum models were developed to describe IPS of graphene [44, 45] . They avoid introducing a cutoff distance as a free parameter by describing the graphene sheet as a dielectric with a polarizability. The resulting screening of external charges intrinsically leads to the correct asymptotic potential outside the graphene sheet. The dielectric response of graphene was evaluated both within the random-phase approximation and the ThomasFermi model [45] , giving similar potentials at distances larger than 1/k TF , where the IPS are mostly located (k TF : ThomasFermi wave vector). The model allows to introduce a supporting substrate through a single additional parameter, which is the penetration depth of the IPS into the substrate.
In the presence of a substrate, the mirror symmetry with respect to the graphene sheet is broken. A classification of a possible double-series of IPS into even and odd states is no longer meaningful. Rather both states mix and a classification into states located on the substrate and vacuum side of the graphene layer is more appropriate. States, which are preferentially located between the graphene layer and the substrate, experience an energetic upshift because of confinement. Calculations for graphene/Ru(0 0 0 1) show that for a binding distance 4.5 Å the 1 + -derived state shifts above the vacuum level [46] . The experimentally observed binding distances of graphene on metal substrates are smaller than 4 Å (see table 1), and thus n + -derived states no longer form bound states. For graphite the 1 + -derived state develops into the interlayer band [27] . The existence of only one image-potential state may generally be expected to occur for metallic substrates, where screening length and hence penetration depth are shorter than the distance of the IPS to the surface.
Charge transfer driven by work function difference
The interaction between graphene and the substrate generally causes a charge transfer at the interface [7, 47, 48] . This results in doping of the graphene layer and thus a shift of its electronic states with respect to the Fermi level. If the graphene band structure is not modified, the vacuum level and the IPS shift accordingly. The shift was calculated numerically [49] [50] [51] and within theoretical models [35, 52] . Giovanetti et al [35, 49] proposed a capacitor model, in which the work function difference between the substrate and the graphene layer Δ = Sub − Gr drives a charge transfer as it is found e.g. in a Kelvin probe. The linear density of states of graphene around the Dirac point allows to calculate the exchanged charge analytically as a function of binding distance d. The change of the Fermi energy ΔE F due to the doping driven by the work function difference Δ can be expressed as
The properties of graphene are included in the parameter αD 0 and the separation of the effective screening charges d 0 [35] . Chemical bonding makes a correction of the work function difference by an additional interface potential Δ c = 0.9 eV (chemical shift) necessary. The parameters were obtained by comparing the model to results of DFT calculations [35] . The calculated results are plotted in figure 2 as green squares together with the model (2) represented as a solid curve. Similar results were reported by Ziegler et al [53] . The comparison with the experimental data is the subject of the following section. on Ru(0 0 0 1), a significant hybridization between the π bands of graphene and the substrate d bands is observed [57, 58] . In case of graphene/Ru(0 0 0 1), the interaction causes a corrugation of the carbidic layer with a minimum distance of 2.1 Å [59] . The graphitic adlayer is chemisorbed, and does no longer exhibit the characteristic Dirac cone of graphene. Also, the substrate-induced surface state is shifted by more than 1.5 eV [21, 46] .
Energetics and dynamics of IPS
An overview of the graphene-substrate distances in various systems is given in table 1. In addition, the work function of the substrates as well as the graphene-covered surfaces is given. The next two rows indicate the position of the Dirac point with respect to the Fermi level and to the vacuum level. The former reflects the charge transfer from graphene to the substrate. The latter is hardly affected by doping and amounts to 4.50 ± 0.05 eV for all physisorbed systems (d 3 Å). This behavior is also illustrated in figure 2 , where the Dirac point energy is depicted as a function of the work function of the substrate. Blue circles give the work function of the graphenecovered surfaces. In addition to the experimental values, the results of DFT calculations (green squares) and of the capacitor model (solid line) are given [35] . For weakly bound graphene, [45] . Green squares refer to calculations, and the solid line illustrates the result of the capacitor model [35] . For graphite (Gr) and monolayer graphene (MLG) as substrates the chemical shift observed for metal substrates is absent. Results of the capacitor model for Δ c = 0 are given by the dashed line.
the energetic position of the Dirac point and of the vacuum level follow the same trend. Hence, their energetic spacing of 4.5 eV may be used as an estimate for the work function of a freestanding graphene layer. According to (1) , IPS are energetically pinned to the vacuum level. Thus, one effect of the graphene-substrate interaction necessarily is an energetic shift of the IPS with respect to the Fermi level as a result of doping. Table 1 presents in the last column the C1s core-level shift of the graphene layer on various substrates relative to the energy found in graphite [72, 79] . The C1s core level in the graphene layer does not interact with the substrate and all valence electrons contribute to the screening of the core hole. The doping of the graphene layer corresponds only to a few percent of an electron and, therefore, the binding energy of the C1s core level should be constant relative to the Dirac point [61] . The shift of the core-level binding energy is indeed approximately just the negative of the energy of the Dirac point as can be seen from table 1 and figure 3. Core-level shift and work function are quantities which are relatively easy to measure experimentally. These data can be obtained also for more strongly-coupled graphene-covered surfaces such as Ni and weakly-coupled p-doped graphene layers, where the Dirac point cannot be observed by angleresolved photoelectron spectroscopy. For small binding distances the graphene layer is more strongly coupled and the Dirac point cannot be identified. However, the work function is still a well-defined quantity which can be measured reliably in experiment. Figure 2 shows the equivalence of Dirac point energy (red dots) and work function (blue circle) for the weakly coupled systems. The more strongly coupled systems (Ni, Pd, Rh, Ru) lie to the right of the calculated curve, suggesting a larger chemical shift. Graphene on graphite is the same as graphite so the charge transfer and chemical shift must be zero. Similarly adding a second layer of graphene to monolayer graphene on SiC (also for the quasi-freestanding (QF) case) yields only a small chemical shift of less than 0.2 eV. Equation (2) can be used to calculate the chemical shift Δ c (d) as a function of distance d for known values of the work function difference Δ :
The parameters are taken from the fit to the data for weakly coupled graphene shown in figure 2 [23] . Since we wanted to extend the model to small distances we chose d 0 = 1.5 Å.
Giovanetti et al used a value of 2.4 Å which is larger than the graphene-substrate distances for Ni or Pd. The value of 1.5 Å matches the calculated distance between positive and negative charge differences for Pt [35] . We note here that the following conclusions do not depend on the choice of d 0 in the range of 1.2 . . . 1.8 Å. The result for the calculated chemical shift using (3) is shown in figure 4 for the calculated data (green squares) [35] and the experimental data (blue circles) of Figure 2 suggests that for the surfaces with more strongly coupled graphene the chemical shift might be larger than for the less strongly coupled case. Figure 4 shows that the distance dependence of (2) yields an approximately constant chemical shift for distances from 2.1 to 3.8 Å.
Graphene on noble-metal substrates
Two-photon photoemission has been applied to investigate the energetics and dynamics of image-potential states of graphene on a variety of noble-metal surfaces which interact weakly with the graphene layer [22, 23] . Graphene layers were grown by thermal decomposition of hydrocarbons on the catalytically active surfaces of Ir(1 1 1) [83, 84] , Pt(1 1 1) [11, 85] , Ni(1 1 1) [70, 86] , and Ir(1 0 0) [23] . Since the resulting inert graphene layer inhibits further decomposition of molecules, the growth process is self-limiting to monolayer graphene. Gold surfaces do not provide sufficient catalytic reactivity for the decomposition under UHV conditions [87] ; hence Au/Ni(1 1 1) [8, 88] and Au/Ir(1 1 1) [23] were established by intercalation of gold between graphene and the surface of the underlying single crystal. Graphene on Ir (1 1 1) is possibly the best-investigated representative of the group. It is known to form almost defect-free single-crystal domains of lateral dimensions up to mm 2 [89] with a corrugation < 1 Å [65] . Results of angle-and energyresolved 2PPE experiments on graphene/Ir(1 1 1) are given in figure 5(a) [22] . The lowest three members of the IPS series are observed with binding energies of 0.83 eV, 0.19 eV and 0.09 eV with respect to the vacuum level at the point and effective masses close to the free-electron mass.
Corresponding parameters of graphene on other surfaces are summarized in table 2 [23] . While graphene/Ir(1 1 1) grows in a single orientation aligned with the surface unit mesh, a variety of rotated domains are found after growth of graphene/Pt(1 1 1) [11, 85] . 2PPE experiments focused on graphene domains rotated by 0
• and 23
• with respect to the Pt (1 1 1) substrate. The two domains exhibit slightly different local work functions and doping levels, respectively. This ambiguity does not occur for graphene/Au/Ni(1 1 1) and graphene/Au/Ir (1 1 1) . In both systems, graphene is aligned with the intercalated gold layers, which form a hexagonal structure. The Ir(1 0 0) substrate with its square symmetry supports two growth modes for graphene. In one case, the surface appears flat in scanning tunneling microscopy (STM) images, while the second structure is corrugated by several nm [90] . 2PPE experiments have focused on the flat adsorption geometry. The binding energies of the n = 1 IPS of van-der-Waals bound graphene on fcc(1 1 1) surfaces are all close to 0.8 eV, within a variance of 50 meV and their effective masses are close to m 0 . Notably, the projected bulk band structures of the bare substrate surfaces differ significantly [39] , resulting in n = 1 binding energies between 0.65 eV for Pt (1 1 1) [66] and 0.80 eV for Au (1 1 1) [68] . The almost identical binding energies of the IPS after growth of graphene on top may be interpreted as a result of the image-charge being screened mainly within the graphene layer. Further indication of the IPS being characteristic for graphene is given by the similar lifetimes of 30 fs and 100 fs of the first two IPS in these systems [23] . The lifetimes of the IPS are longest in graphene/Ir(1 1 1) (τ 1 = 35 fs, τ 2 = 114 fs), which forms the best-ordered structure. IPS on Graphene/Au/Ni(1 1 1) and graphene/Ir(1 0 0), which exhibit more defects [91] and broader low-energy electron diffraction spots [23] , are shortest-lived. In addition to the inelastic decay rates, the elastic scattering rates (dephasing rates) of the first IPS of graphene on Ir(1 1 1), Au/Pt (1 1 1) and Au/Ni(1 1 1) were determined by a linewidth analysis [23] . For the three systems, the intrinsic inelastic scattering rate is ≈10 meV, which is by a factor five higher than on clean metal surfaces like Cu(1 0 0) with similar IPS lifetimes [92] . The additional elastic scattering events occurring in graphene were attributed to the remaining corrugation of the surface [23] .
Subtle modifications of the IPS binding energies in the different systems reflect the reduced screening length in graphene with increasing doping level. Due to the linear dispersion of the electronic states of graphene, its density of states at the Fermi level scales linearly with the Dirac point position. The result is a shorter screening length in doped graphene, reflected by the inverse of the Fermi-Thomas wave vector k FT , as compared to the intrinsic case [93] [94] [95] . Thus, IPS are bound more strongly in doped graphene [45] . Figure 6 shows the measured binding energies of the IPS (blue circles) with respect to the vacuum level as a function of the work function and thus of the doping level (see figure 2) . The solid red lines depict the binding energies calculated within the model potential from [45] . The n = 1 binding energy is most strongly affected by the finite screening length within the graphene sheet. The higher-lying states are located further away from the surface and screened on longer lateral dimensions, which are no longer limited by 1/k FT . The experimental data for the metallic substrates follow the trend predicted by the calculations, but in view of the experimental errors a definite confirmation of the model cannot be stated.
The weak interaction between graphene and the substrate is also reflected in the persistence of substrateinduced interface states on the graphene-covered surface. Figure 5(b) shows angle-resolved photoemission data from the graphene/Ir(1 1 1) surface [22] . The Ir (1 1 1) -derived interface state is shifted to higher energy only by 0.15 eV with respect to its counterpart on bare Ir (1 1 1) [36, 96] . Its significant Rashba-type splitting is still observed. The interface 
Graphene on ruthenium and rhodium
On the metallic substrates discussed so far, graphene is only weakly physisorbed with binding distances larger than 3 Å. On ruthenium, in contrast, the graphitic adlayer is chemisorbed. As a consequence, a superstructure forms, in which the graphene layer is strongly buckled. The resulting valleys (low areas, L) have a minimum binding distance of 2.1 Å, while the hills (high areas, H) have a maximum binding distance of more than 3.5 Å. The lateral periodicity is 31.1 Å [59, [97] [98] [99] . Thus, areas of both strongly and weakly interacting graphene are present on the surface in a periodic array of quantum-dot like structures and can be investigated within the same experiment. The surface was studied by STS [46, 100, 101] and 2PPE [21] . In STS, due to the electric field, IPS appear as fieldemission resonances, and especially the high-energy states are Stark-shifted to higher energy with respect to the 2PPE experiment. Figure 7(a) shows STS data from the low (red) and high (blue) areas [46] , whereas the dispersion of the observed states as measured by 2PPE is given in figure 7 (b) [21] . The surface state S at 2.58 eV (3 eV in STS) is localized mainly on the low areas. Distinct n = 1 IPS are present on the H and L areas. The n = 1 low-energy component at 3.44 eV is a feature of the high areas. Its dispersion is almost flat, indicating a strong spatial confinement on high areas as was also found in STS. The high-energy n = 1 component at 3.59 eV is localized on the low areas. The states on the low areas are more delocalized and the n = 1 state has an effective mass of 0.8 ± 0.3 m 0 .
The energetic splitting of the higher-lying states is smaller and below the energy resolution of the 2PPE experiment. Borca et al [46] applied DFT to evaluate the energetics of the involved states as a function of the graphene-substrate binding distance. Their results are illustrated in figure 8 . At large distances, the symmetric and antisymmetric n = 1 + and n = 1 − states of freestanding graphene are found. At finite distance, these states intermix. Due to confinement, the n = 1 − -derived state is energetically shifted above the vacuum level for distances 4.5 Å. The n = 1 + -derived state keeps its energetic position down to a binding distance of 3 Å. This regime applies to the high areas of graphene/Ru(0 0 0 1) and more generally to the noble-metal surfaces discussed in section 3.2. Upon approaching the graphene layer closer to the surface, hybridization with the ruthenium states, and especially with the surface resonance of Ru(0 0 0 1), sets in increasingly. This surface resonance is degenerate with the valence band on the clean surface, but shifted into the surface band gap due to the interaction with the n = 1 + state at distances below 3 Å (points (e, f)). At the binding distance of the low areas (points (c, d)), the surface state is found 3 eV above the Fermi level and its charge distribution is widely located outside the surface, overlapping with the former IPS.
A qualitatively similar situation was found from STS on graphene on Rh (1 1 1) [73] . Graphene/Rh(1 1 1) exhibits a similarly strong corrugation as graphene/Ru(0 0 0 1). Four different areas within the unit cell were identified by 
Graphene on SiC(0 0 0 1)
An alternate way of fabricating graphene is the epitaxial growth on silicon carbide by thermal decomposition [102] [103] [104] . The loss of silicon upon heating of the SiC(0 0 0 1) surface first leads to the formation of a carbon-rich 6
• -reconstruction, often referred to as a buffer layer. At higher temperature more silicon sublimates, resulting in the formation of graphene. Alternatively, the buffer layer can be decoupled from the substrate by intercalation of hydrogen, resulting in quasi-freestanding graphene [80, 105] . Few-layer graphite of adjustable layer thickness is grown at higher temperature. The resulting films typically consist partly of buffer layer, graphene and few-layer graphite-covered areas.
Image-potential states of graphene/SiC(0 0 0 1) were investigated both by STS [18, 19] and 2PPE [24, 25] . Figure 9 shows tunneling spectra of monolayer graphene (MLG), bilayer graphene (BLG) and graphite [18] . Field-emission resonances originating from the lowest-lying three (two) IPS were observed. The IPS of graphite give rise to symmetric peaks in the STS data. On graphene/SiC(0 0 0 1), in contrast, a broad, low-amplitude peak is observed energetically slightly below the n = 1 state. Bose et al [18] assigned the doublepeak structure to a remnant of the symmetry-induced splitting of the IPS of freestanding graphene. This interpretation is supported by calculations [18] . In the model, the system is treated as a graphene layer between two homogeneous media at the potential of the vacuum level and the upper band edge of SiC(0 0 0 1), respectively.
The double peak-structure was also observed by Sandin et al [19] , who found a significant current-dependence of the STS data which they attributed to an incomplete screening of the image charge by the graphene layer. Similar results were reported by Lauffer [106] who did not assign the low-energy component to an IPS, since it does not give rise to a resolvable feature in dI/dZ spectra as the higher fieldemission resonances [106] . In 2PPE from mono-, bi-, and trilayer graphene, the n = 1 IPS was found to exhibit a broad and asymmetric shape, made up from several distinct components [24] . Data from sub-monolayer graphene/SiC, however, show a symmetric and narrow peak without a broad feature overlaying it, as illustrated in figures 10(a) and (b). The low energy region 0.6 eV below the n = 1 state is hardly accessible by these measurements. This is due to the relatively low work function of the surface, which gives rise to a strong one-photon photoemission background in this region. Two-photon photoemission measures both the average work function of the surface and the energetic positions of the IPS, which are pinned to the local work function. While the average work function is observed as the low-energy cutoff in the spectra, the local work function can be extracted from the series limit of the IPS [107, 108] . Comparison between the two gives the composition of the surface, which can be measured independently for cross-checking by complementary techniques like x-ray photoemission. Gugel et al applied this method to graphene/SiC(0 0 0 1) [25] . The resulting work functions are summarized in table 1. Corresponding IPS binding energies are given in table 2. The binding energy of the n = 1 state exceeds the upper limit of 0.85 eV for the surface of a three-dimensional metal, as it does in calculations for freestanding graphene [27] . However, overlap between the IPS of graphene and the electronic states of the surface, and hence electronic interaction between the substrate and the surface are still needed to pump the IPS in the 2PPE experiment. If this interaction is absent, as in the case for hydrogen-intercalated, quasi-freestanding graphene/SiC(0 0 0 1) [80, 105] 
Confinement of IPS on graphene nano-islands
Because of the stability of graphene and the possibility to grow islands of well-defined, hexagonal shape and with a wide range of size distributions, graphene/Ir(1 1 1) forms an ideal system to study the effects of confinement on IPS. The work function difference of 1.1 eV between the bare and graphenecovered iridium surface provides a significant energy barrier for the IPS which have binding energies below 0.85 eV. In spatially averaging 2PPE measurements on graphene islands 400 nm 2 energetic shifts of the IPS due to confinement were not detected [22] . The lateral resolution of STM and STS, however, permits studies on individual islands [20, [109] [110] [111] [112] .
Local work function differences of graphene islands on Ir(1 1 1) with and without oxygen intercalated were determined from the energetic shift of the IPS [20] . As in case of closed layers (see section 2.2), the difference in local work function can be used to determine the doping levels of individual islands.
Craes et al [20] used STS to determine the energetics and lateral distribution of field-emission resonances arising from IPS confined to nanometer-sized islands of graphene/Ir(1 1 1). Figure 11 (b) shows STS data obtained on a small (A, <15 nm 2 , red curve) and an extended island (E, >400 nm 2 , blue curve) indicated in figure 11(a) [20] . An energetic upshift of several hundreds of meV due to confinement is observed for the smaller island. Scanning tunneling spectroscopy maps, recorded at closely spaced energies within or close to a field-emission resonance of a hexagonal island, resolve the hydrogen-like states of different rotational quantum number l which emerge under confinement. These are the result of lifting the lateral translation symmetry of the graphene layer and introducing a circular-shaped quantum well instead. While the l = 0 states exhibit maximum probability at the center at the island, the probability distribution of l = 0 states has a minimum there. For the higher-lying states in figures 11(f ) and (g) the hexagonal shape of the island becomes apparent, because the maximum probability density is shifted toward the perimeter of the island.
Conclusions
In this review article, we discuss the work function, and the energetics and dynamics of image-potential states of graphene. The work function of graphene in the presence of an underlying substrate is determined by charge transfer, which is driven by the occuring work function difference between graphene and the substrate. The transferred charge can be calculated from an analytical capacitor model. Results are in good agreement with experimentally determined work functions and core level shifts.
Image-potential states on a variety of metallic and semiconducting substrates were observed using 2PPE and STS. Image-potential states of free-standing graphene were predicted to exhibit a symmetry-induced splitting into a series of even and odd states with respect to the graphene layer acting as a mirror plane. While van-der-Waals bound graphene on noble-metal surfaces supports a single series of imagepotential states, the binding distance is too short to support a second series of states between graphene and the substrate. Binding energies with respect to the vacuum level are almost independent of the substrate in this case. Modifications of the n = 1 binding energy can be understood from the dependence of the screening length of the IPS on the doping level of the graphene layer. The electronic structure of higher-lying states is hardly affected. Lifetimes of image-potential states are affected by the crystalline quality of the graphene layer and longest for graphene/Ir(1 1 1) and graphene/Au/Ir (1 1 1) . Overlap between graphene and substrate electronic states is required to optically excite electrons into IPS in two-photon photoemission. Amongst the investigated substrates, quasifreestanding graphene on SiC(0 0 0 1) is the only system where this coupling is suppressed and IPS are not observed by 2PPE.
Image-potential states are energetically pinned to the vacuum level of a surface. The IPS series converges towards the work function of a surface. The work function of graphene on noble-metal substrates is affected predominantly by charge transfer. Image-potential states were applied as a probe for local work function and local binding of graphene on SiC(0 0 0 1) and Ru(0 0 0 1). Scanning tunneling spectroscopy of individual graphene islands on Ir(1 1 1) extend this technique to the nanoscale. The lateral distribution of the two-dimensional, hydrogen-like states on nanometer-sized islands was observed.
